currently applied in clinical physiology does not explain how arterial pressure is maintained during diastole after cessation of pulsatile aortic inflow. Arterial pressure-flow relations can be more accurately described by models that incorporate arterial viscoelastic properties such as arterial compliance. Continuous pressure and flow measurements are needed to evaluate these properties. Since the techniques used to date to acquire such data have been invasive, physiological models of the circulation that incorporate these properties have not been widely applied in the clinical setting. The purpose of this study was (1) to validate noninvasive methods for continuous measurement of central arterial pressure and flow and (2) to determine normal reference values for arterial compliance using physiological models of the circulation applied to the noninvasively acquired pressure and flow data.
Methods and Results Simultaneously acquired invasive and noninvasive aortic pressures (30 patients) , flows (8 patients) , and arterial mechanical properties (8 patients) were compared. Pressure was measured by high-fidelity catheter aortic micromanometer (invasive) and calibrated subclavian pulse tracing (noninvasive). Aortic inflow was determined from thermodilution-calibrated electromagnetic flow velocity data (invasive) and echo-Doppler data (noninvasive). Arterial compliance was determined for two-and three-element windkessel models of the circulation using the area method and an iterative procedure, respectively. Once validated, the noninvasive methodology was used to determine normal compliance values for a reference population of 70 subjects (age range, 20 to 81 years) with normal 24-hour ambulatory blood pressures and without Doppler-echocardiographic evidence for structural heart disease. The limits of agreement between invasive and noninvasive pressure data, compared at 10% intervals during ejection and nonejection, were narrow over a wide range of pressures, with no significant differences between methods. Invasive and noninvasive instantaneous aortic inflow values differed slightly but significantly at the start of ejection (P<.05), but during the latter 90% of ejection, values for the two methods were similar, with narrow limits of agreement. Total vascular resistance and arterial compliance values derived from invasive and noninvasive data were similar. Arterial compliance values for the normal population using the twoelement model (C2E) ranged from 0.74 to 2.44 cm3/mm Hg (mean, 1.57±0.38 cm3/mm Hg), with a beat-to-beat variability of 5.2±3.9%. C2E decreased with increasing age (r=-.73, P<.001) and tended to be higher in men (1.67+0.41 cm3/ mm Hg) than in women (1.51±0.35 cm3/mm Hg, P=.07). Compliance values for the three-element model (C3E) were predictably smaller than for the two-element model (mean, 1.23 ±0.30; range, 0.59 to 2.16 cm3/mm Hg, P<.001 versus C2E) but correlated with C2E values (r=.81, P<.001) and were also inversely related to age (r= -.56, P<.001). Ridge regression and principal component analyses both showed the compliance value to be a composite function whose variation could be best predicted by consideration of simultaneous values for five major hemodynamic determinants: heart rate, mean flow, mean aortic pressure, minimal diastolic pressure, and endsystolic pressure. Multivariate analysis revealed age and sex to be independent predictors of compliance (P<.01 for both). There were no differences in compliance between black and white subjects.
Conclusions Noninvasive methods can be used to acquire the hemodynamic data necessary for clinical application of physiological models of the circulation that incorporate arterial viscoelastic properties such as arterial compliance. The strong inverse linear relation between model-based compliance estimates and age mandates incorporation of this demographic parameter into any framework that is developed for the clinical evaluation of arterial viscoelasticity. (Circulation. 1994; 89:.2688 -2699 Key Words * echocardiography * arterial compliance pressure F or any given aortic inflow, the morphology and dimensions of aortic pressure are entirely determined by the mechanical properties of the arterial system.1-3 To understand the hemodynamic interactions between the heart and the vasculature, it is necessary to characterize the arterial mechanical properties that determine the relation between central arterial pressure and flow.4 Since these properties cannot be measured directly in the intact organism, they must be determined indirectly, from continuous pressure and volume-flow measurements using various models of the circulation. (which is by definition proportional to mathematical complexity) rather than on providing clinically accessible, functional models that can be easily applied at the bedside.
The aims of this study were (1) to validate noninvasive methods for continuous measurement of central arterial pressure and flow and (2) to determine normal reference values for arterial compliance, using simple physiological models of the circulation applied to the noninvasively acquired pressure and flow data.
Methods Study Design
The study was divided into two parts, both of which were approved by the Institutional Review Board of the University of Chicago Hospitals: (1) validation of noninvasively acquired hemodynamic data and (2) determination of arterial compliance values in normal subjects.
Study Population
All patients and subjects were screened clinically and by Doppler echocardiography before admission to the study. Individuals with evidence for regional wall motion abnormalities or valvular disease were excluded. Specific care was taken to ensure that aortic valves were anatomically normal with preserved leaflet excursion and without Doppler evidence for aortic regurgitation or stenosis.
Validtion of Noninvasively Acquired Hemodynamic Data
Thirty-eight patients, ranging in age from 18 to 79 years (mean, 54+15), were studied at the time of left heart catheterization. None had angiographic evidence for coronary or valvular heart disease. Invasive and noninvasive measurements of central arterial pressure were compared in 30 patients. Invasive and noninvasive aortic inflow data were acquired in addition to and simultaneously with pressure measurements in a further 8 patients. Total vascular resistance and arterial compliance were determined for the 8 patients in whom simultaneous pressure and flow data had been acquired.
Determinaion of Normal Reference Values for Arterial Compliance
Eligibility criteria comprised (1) absence of clinical and/or echocardiographic evidence of valvular heart disease, (2) normal left ventricular function assessed by two-dimensional and M-mode echocardiography (no regional wall motion abnormalities and shortening fraction >30%), (3) no history of angina or previous myocardial infarction, (4) normal sinus rhythm on the resting ECG, and (5) average daytime and nighttime mean arterial blood pressures of <105 and <95 mm Hg, respectively, obtained at 15-minute intervals by 24-hour ambulatory blood pressure monitoring (Acutracker, Suntech Inc).
Continuous pressure and flow measurements were acquired noninvasively in 86 subjects. Of these, 16 were excluded because data did not fulfill the rigorous criteria for beat selection, which had been defined before the study and which are outlined in the section entitled "Data Analysis." The study population therefore comprised 70 normotensive subjects.
Data Acquisition Central Arterial Pressure
Invasive arterial pressure measurements were obtained using an 8F high-fidelity micromanometer catheter (Millar Instruments, model SPC-484A) introduced into the right femoral artery and advanced under fluoroscopic guidance to the ascending aorta until the tip was situated just distal to the aortic valve.
Noninvasive arterial pressure measurements were generated from subclavian pulse tracings, obtained using a small plastic funnel positioned over the right subclavian artery at its point of maximal impulse in the supraclavicular fossa and connected by Silastic tubing to a strain-gauge transducer (model 03040170, Cambridge Instrument Co). The using a Swan-Ganz catheter that had been advanced through the right femoral vein into the pulmonary artery. Thermodilution cardiac output was determined as the average value of three successive measurements that varied by <10%.
Noninvasive flow data were generated from continuouswave Doppler recordings and two-dimensional echocardiographic measurements of aortic annular area. Aortic blood velocity was measured noninvasively using a 1.9-MHz continuous-wave Doppler transducer (Hewlett-Packard Inc) positioned at the cardiac apex. The aortic annular diameter (D), in centimeters was measured at the bases of the aortic valve leaflets (trailing to leading edges) from parasternal long-axis, two-dimensional echocardiographic recordings using a 2. (1) the magnitude of the baseline shift in diastolic pressure of the subclavian pulse tracing was <10% of the pulse pressure; (2) the Doppler envelope was well demarcated, a visible Doppler closing click was evident, and the peak Doppler flow velocity was within 10% of the maximum velocity value recorded for any beat in that subject; and (3) the ECG showed sinus rhythm with RR interval variations of < 15% for the three analyzed beats.
Central Arterial Pressure Measurements: Invasive Versus Noninvasive
Simultaneously acquired central aortic pressure and subclavian pulse tracings were traced by hand and digitized (by interpolation) at 5-millisecond intervals using a digitizing tablet (Bit Pad Two, Summagraphics Corporation). Data were stored on an Epson Equity 111+ personal computer. Appropriate corrections were made for pulse transmission delay by temporally aligning the incisura of the pulse tracing with the Doppler closing click of the aortic valve. For each patient, three cycles were analyzed and results averaged. Invasive and noninvasive mean aortic pressures were calculated by integrating the area under the high-fidelity pressure tracing and calibrated right subclavian pulse waveform, respectively. Data acquired invasively and noninvasively were compared at 10% time intervals throughout ejection and nonejection phases of the cardiac cycle. This was done to facilitate analysis of grouped data from individual subjects with different heart rates.
Aortic Inflow Measurements: Invasive Versus Noninvasive
The simultaneously acquired electromagnetic aortic flow waveform signal and the outer envelope of the continuouswave aortic Doppler velocity spectrum were traced by hand and digitized as for the pressures. Synchronization was accomplished by aligning R waves of the ECG from identical beats. Thermodilution stroke volume was used for calibration of the area under the electromagnetic flowmeter signal. Data were stored on an Epson Equity III+ personal computer. Electromagnetic flow data with stable baseline flows were selected for analysis. Velocity signals detected after end ejection (defined as a return to zero-flow voltage with the electromagnetic flowmeter and by the closing aortic click with Doppler) were not included in the analysis. For each experimental condition, three cycles were analyzed and the results averaged. Stroke Electrical circuit diagrams of two-and three-element windkessel models of the arterial system. The proximal capacitor, C, analogous to arterial chamber compliance, is arranged in parallel with the distal resistor, R, analogous to total vascular resistance in both models, and in series with the proximal resistor, r, analogous to resistance of the arterial wall to transverse flow in the three-element model. volume, cardiac output, and instantaneous flow rates were determined from the electromagnetic and Doppler flow velocity data for each cycle. The instantaneous derivative of flow (dQ/dt) was computed using a five-point Lagranian interpolation method from digitized data that were filtered with a three-point smoothing technique. Ejection time (ET), peak flow (Qm,,), maximum flow acceleration (dQ/dtma,), and time to Q,...,, were determined. To facilitate analysis of grouped data from individual subjects with different heart rates, instantaneous flow rates were compared at 10% intervals throughout left ventricular ejection.
Arterial Mechanical Properties Models
Arterial compliance and total vascular resistance were determined from simultaneous pressure and flow data acquired invasively and noninvasively for two-and three-element windkessel-based models of the arterial system (Fig 1) . where C2E is arterial compliance (two-element model) in cm3/mm Hg, Ad is the area under the diastolic portion of the arterial pressure wave, Pes is the end-systolic pressure, and Pd is the diastolic pressure.
Arterial compliance for the three-element model (C3E) was determined by iteration (Fig 2) Interobserver error and beat-to-beat variability were computed for noninvasively acquired arterial compliance data using the formula:
where CV is the coefficient of variation (%), n is the number of patients, C is arterial compliance, and d is the absolute difference between compliance values determined by two independent observers as the average of three analyzed beats (interobserver error) or the maximal difference between compliance values determined for individual beats in each subject by a single observer (beat-to-beat variability).
Multivariate regression was used to evaluate the impact of individual demographic characteristics on arterial compliance values. Pearson's correlation coefficient was determined for the relation between arterial compliance and age.
The significance of individual hemodynamic variables (heart rate, duration of diastole, mean arterial pressure, mean diastolic pressure, minimal diastolic pressure, end-systolic pressure, diastolic pressure difference, and mean flow) as determinants of C2E and C3E was investigated. Since multicolinearity was an important consideration, multivariate regression analysis (both a stepwise procedure and an all regression modeling using Mallows Cp as a selection criterion), ridge regression, and a principal component analysis were used. 
Discussion
The heart discharges mechanical energy into the arterial system in pulses of arterial pressure and flow.4,10 If aortic inflow was entirely unimpeded, no aortic pressure would be generated and no external cardiac work would be necessary for tissue perfusion. Since external work is entirely expressed as aortic pressure and flow, characterization of the mechanical properties impeding forward flow might provide a framework for analysis of the factors controlling energy transfer between the heart and the periphery. The full impedance spectrum can be determined directly from Fourier-analyzed pressures and flows in the frequency domain, but incorporation of these data into conventional time-based clinical cardiologic paradigms is conceptually complex. An alternative approach is the use of arterial models that characterize arterial pressure-flow relations.
Traditionally, clinicians have modeled the arterial system according to Poiseille's equation as a simple hydraulic circuit with a single resistive element (equivalent to vascular resistance) impeding continuous (nonpulsatile) forward flow. The physiological mechanisms that govern the phasic transfer of energy from the heart to the arterial system are not well explained by this "single-element model" of the circulation that is universally applied in clinical medicine. 25 More physiological albeit complex models of the circulation are needed to explain the arterial mechanical properties that transform the pulses of energy discharged by the heart during systole into a persistent arterial pressure that is maintained during diastole even after cessation of arterial inflow.25"1 Clinical application of these concepts has been limited by the relative inaccessibility of the continuous pressure and flow data that would allow improved characterization of ventriculoarterial energy transfer. In this study, noninvasive methodology for acquisition of continuous pressure and flow measurements is validated, then applied clinically to define normal reference values for arterial compliance.
Central Arterial Pressure
Central arterial pressure was determined noninvasively using calibrated subclavian pulse tracings. Noninvasively acquired data were compared with continuouspressure waveforms obtained invasively using highfidelity micromanometers placed in the central aorta. Subclavian pulse tracings were morphologically similar to manometric ascending aortic pressure recordings despite their different sites of origin. The relatively large caliber of the subclavian artery and its close proximity to the central aorta presumably account for the observed similarities and may explain the apparent attenuation of the effects of wave reflections that frequently result in marked differences between pressure waveforms of proximal and more distal arteries.18 '19 Noninvasively acquired subclavian pulse tracings were calibrated according to upper arm blood pressure measurements obtained using an oscillometric sphygmomanometer (Dinamap, Critikon Inc). This method of calibration was validated by the close correlation between peak systolic and diastolic Dinamap blood pressure readings and corresponding central aortic pressures documented in this study. Similar results have been reported by other investigators in children and in normotensive and hypertensive adults. [13] [14] [15] 20, 21 It is noteworthy that in none of these studies did the effects of peripheral distortion and pulse wave amplification appear to affect the oscillometrically determined pressure values significantly. One possible contributory explanation for this observation is the fact that the algorithms used to determine arterial systolic and diastolic pressures in the Dinamap system were derived by calibration against central aortic pressure rather than radial artery or cuff pressures.13
Aortic Inflow
Our data indicate that instantaneous aortic blood flow characteristics can be accurately assessed using continuous-wave Doppler echocardiography. Many previous investigations have demonstrated that the transaortic, continuous-wave, Doppler-derived spectral velocity envelope in conjunction with two-dimensional echocardiographic estimation of cross-sectional area at the level of the aortic valve annulus provides a reasonable noninvasive estimate of stroke volume.22-26 Comparisons of instantaneous Doppler and electromagnetic aortic inflow data have largely been restricted to analyses of peak flow velocities and maximal flow acceleration using pulsed-wave Doppler rather than continuous assessment of instantaneous flow throughout ejection.27-29 The use of continuous-wave Doppler in this study obviates the aliasing that occurs when aortic flow velocities exceed the Nyquist limits of the pulsed Doppler technique but introduces another potential source of error, namely, that the measured velocity is a composite of all velocities within the interrogation beam rather than simply the point velocity at the site of the electromagnetic flow sensor. Despite this limitation, a close correlation between electromagnetic and continuouswave Doppler-derived instantaneous aortic inflow characteristics has been demonstrated in open-chest monkeys with the Doppler transducer positioned directly over the proximal aorta to ensure alignment of the interrogating Doppler beam with the direction of blood flow. 16 The current investigation, in which instantaneous aortic blood flow velocity data were obtained with a Pedof transducer positioned in the region of the cardiac apex, demonstrates for the first time the accuracy of continuous-wave transthoracic Doppler for instantaneous aortic inflow assessment in the clinical environment in selected patients with normal aortic valves. Presumably, in the absence of aortic valve disease, the spectrum of velocity gradients in the proximal aorta immediately downstream from the valve is narrow, with the result that the component velocities that contribute to the net continuous-wave value are relatively similar.
Doppler flows were slightly higher than their electromagnetic counterparts during early ejection -Doppler flows accelerated faster than corresponding electromagnetic data. Similar findings were reported in the primate study quoted above.'6 Possible explanations for these minor differences include overestimation by Doppler due to low sensitivity of the Doppler frequency shift signal at velocities nearing zero or underestimation by the electromagnetic system due to an inadequate frequency response of the electromagnetic flowmeter, which was set at 100 Hz to minimize high-frequency noise. Whatever the reason, these minor differences in morphology did not impact significantly on the derived hemodynamic parameters of interest, arterial compliance and total vascular resistance.
Arterial Mechanical Properties
The complex relation between pressure and flow in the vascular system cannot be described in terms of vascular resistance alone.2,4,10 Other mechanical properties of the arterial system must be considered in order to explain how pulsatile aortic inflow is converted into the sustained diastolic pressure wave that is essential for normal organ perfusion.3,4"0 Perhaps the most important of these is arterial compliance, a parameter of arterial elasticity and a major determinant of arterial blood pressure.2 The compliance of the arterial system constitutes a pressure-flow buffer that stores a portion of the mechanical energy discharged by the heart during systole for delivery to the tissues during diastole.24Al0 Whereas resistance can be determined as the ratio of mean pressure (estimated from systolic and diastolic pressure measurements) to mean flow (obtained from cardiac output calculations), continuous data throughout the cardiac cycle are needed for determination of arterial compliance.9 As a result, compliance and related arterial mechanical properties that might enhance our understanding of ventriculoarterial physiology have not been widely applied in the clinical setting.30 '31 In this study, we have validated noninvasive methods for acquisition of the instantaneous pressure and flow data necessary for estimation of arterial compliance. Since this parameter can be determined for any model using the same pressure and flow data, the scope for application of these noninvasive imaging techniques in physiological studies of the arterial system is virtually unlimited. Whereas the accuracy of noninvasively generated compliance estimates was confirmed, the two Our failure to acquire useful data in a significant subset of subjects (16 of 86) represents the current rate-limiting factor for these methods. The relatively high data attrition rate was a compound function of the requirement for simultaneous satisfactory transaortic spectral Doppler envelopes plus high-quality noninvasive pressure data. Development of more sensitive external pressure sensors that incorporate low-frequency filters to stabilize the baseline of the subclavian pulse tracing might improve the success rate for data acquisition.
The tracing by hand of analog pressure and flow signals is time consuming and constitutes a source for random errors. Both these limitations might be obviated by introduction of technology for automated detection of the outer Doppler envelope and analog-to-digital conversion of pressure and flow velocity data.
Compliance estimates for both the two-and threeelement models are based on separate sets of assumptions. In the case of the two-element model, the major assumption implicit in the method used to estimate compliance is that the diastolic pressure decays asymptotically to zero. The iterative method used to solve the three-element model equation yields parameter values for model rather than measured pressures. The validity of these values is therefore entirely dependent on the accuracy of the model. Since the mean error of the three-element model used in this study was small (3.8±2.0 mm Hg), it can be assumed that the parameter values for model and measured pressure waveforms would be very similar for this model. Wave reflections, which result from oscillation of the blood column between the proximal and distal portions of the viscoelastic arterial system, are not accounted for by the nondistributed (single-chamber), lumped parameter models used in this study. Despite this limitation, the models presented are conceptually more physiological than that currently applied in clinical medicine. We believe that the clinical potential of these models should be thoroughly investigated before the introduction of more complex distributed parameter models that take into account the contribution of wave reflections to arterial pressure-flow relations.
Clinical Implications
The demonstration that more physiological models of the circulation are easily accessible by noninvasive methods should stimulate the application of such models in the clinical setting. Incorporation of arterial mechanical properties in conceptual models of the circulation will enable development of more accurate paradigms to explain energy transfer from heart to periphery in health and disease. Thorough evaluation of these and other vascular models under a variety of physiological and pathophysiological conditions will clarify their collective role in clinical cardiovascular physiology. 
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